Background Key factors limiting patients with lower extremity amputations to achieve maximal functional capabilities are falls and fear of falling. A task-specific fall prevention training program has successfully reduced prospectively recorded trip-related falls that occur in the community by the elderly. However, this program has not been tested in amputees. Questions/purposes In a cohort of unilateral transtibial amputees, we aimed to assess effectiveness of a falls prevention training program by (1) quantifying improvements in trunk control; (2) measuring responses to a standardized perturbation; and (3) demonstrating retention at 3 and 6 months after training. Second, we collected patientreported outcomes for balance confidence and falls control. Methods Fourteen male military service members (26 ± 3 years) with unilateral transtibial amputations and who had been walking without an assistive device for a median of 10 months (range, 2-106 months) were recruited to participate in this prospective cohort study. The training program used a microprocessor-controlled treadmill designed to deliver task-specific postural perturbations that simulated a trip. The training consisted of six 30minute sessions delivered over a 2-week period, during which task difficulty, including perturbation magnitude, increased as the patient's ability progressed. Training effectiveness was assessed using a perturbation test in an
immersive virtual environment. The key outcome variables were peak trunk flexion and velocity, because trunk kinematics at the recovery step have been shown to be a determinant of fall likelihood. The patient-reported outcomes were also collected using questionnaires. The effectiveness of the rehabilitation program was also assessed by collecting data before perturbation training and comparing the key outcome parameters with those measured immediately after perturbation training (0 months) as well as both 3 and 6 months posttraining. Results Mean trunk flexion angle and velocity significantly improved after participating in the training program. The prosthetic limb trunk flexion angle improved from pretraining (42°; 95% confidence interval [CI], 38°-47°) to after training (31°; 95% CI, 25°-37°; p \ 0.001). Likewise, the trunk flexion velocity improved from pretraining (187°/sec; 95% CI, 166°-209°) to after training (143°/sec; 95% CI, 119°-167°; p \ 0.004). The results display a significant side-to-side difference for peak trunk flexion angle (p = 0.01) with perturbations of the prosthetic limb resulting in higher peak angles. Prosthetic limb trips also exhibited significantly greater peak trunk flexion velocity compared with trips of the prosthetic limb (p = 0.005). These changes were maintained up to 6 months after the training. The peak trunk flexion angle of the subjects when the prosthetic limb was perturbed had a mean of 31°(95% CI, 25°-37°) at 0 month, 32°(95% CI, 28°-37°) at 3 months, and 30°(95% CI, 25°-34°) at 6 months. Likewise, the peak trunk flexion velocity for the prosthetic limb was a mean of 143°/sec (95% CI, 118°-167°) at 0 months, 143°/sec (95% CI, 126°-159°) at 3 months, and 132°(95% CI, 115°-149°) at 6 months. The peak trunk flexion angle when the nonprosthetic limb was perturbed had a mean of 22°(95% CI, 18°-24°) at 0 months, a mean of 26°(95% CI, 20°-32°) at 3 months, and a mean of 23°(95% CI, 19°-28°) at 6 months. The peak trunk flexion velocity for the nonprosthetic limb had a mean of 85°/sec (95% CI, 71°-98°) at 0 months, a mean of 96°(95% CI, 68°-124°) at 3 months, and 87°/sec (95% CI, 68°-105°) at 6 months. There were no significant changes in the peak trunk flexion angle (p = 0.16) or peak trunk flexion velocity (p = 0.35) over time after the training ended. The skill retention was present when either the prosthetic or nonprosthetic limb was perturbed. There were side-to-side differences in the trunk flexion angle (p = 0.038) and trunk flexion velocity (p = 0.004). Perturbations of the prosthetic side resulted in larger trunk flexion and higher trunk flexion velocities. Subjects prospectively reported decreased stumbles, semicontrolled falls, and uncontrolled falls.
Conclusions These results indicate that task-specific fall prevention training is an effective rehabilitation method to reduce falls in persons with lower extremity transtibial amputations.
Level of Evidence Level IV, therapeutic study. See Guidelines for Authors for a complete description of levels of evidence.
Introduction
The US military is currently fitting patients who have amputations with state-of-the-art prosthetic devices. However, some patients and their care providers learn that advanced technology does not always lead to high function. Key factors that limit the ability of individuals with amputations to achieve maximal functional capabilities are falls and fear of falling. People with a leg amputation have a greater risk of falling than the general public. The reported incidences of falls are 20% to 32% during rehabilitation [10, 34] and 52% within the community [29] . The increased rate of falling in individuals with lower limb amputations is not surprising because they tend to perform very poorly on balance-related functional tests [7, 8, 49] . Furthermore, 65% of individuals with lower limb amputation have reduced balance confidence [30] . As a result of the reduced balance confidence, up to 76% of these individuals with lower limb amputations avoid activities as a direct result of the lack of confidence [28] .
Falls are also an issue for older adults. Approximately one-third of ambulatory, community-dwelling older adults fall each year [14] . These falls reduce balance confidence and increase the fear of falling [18] , which in turn leads to a loss of mobility [50] physical activity [47] , and balance control [23] , further increasing fall risk. Trips and slips account for 59% of older adult falls [3] . Failed compensatory steps have been observed in 45% of older adult falls in the free-living environment [17] . Although compensatory stepping is impaired with older age [13, 24, 26, 33, 39] , it is a modifiable skill that improves with practice [4, 11, 40, 46] . A task-specific fall prevention training program has been developed based on compensatory step training that has successfully reduced trip-related falls by the elderly after laboratory-induced trips [11] and prospectively reported trip-related falls that occur in the community [41] .
In the current military and healthcare environment, it is essential to focus on rapid, safe, and maximum improvement of functional skills with a goal of prompt discharge from rehabilitation and return to active duty or civilian life. Therefore, the purpose of this study was to extend a task-specific fall prevention training technique to the rehabilitation of active-duty service members who have sustained trauma-related limb loss and amputation. We aimed to assess training effectiveness by (1) quantifying improvements in trunk flexion angle and velocity;
(2) measuring responses to a standardized perturbation; and (3) demonstrating retention at 3 and 6 months after training. Second, we collected patient-reported outcomes for balance confidence and falls control. We hypothesized that task-specific training would reduce fall risk in military patients with amputations.
Patients and Methods
This prospective cohort study compared changes in outcome variables after trip-specific perturbation training. Between September 2011 and March 2013, participants who were active-duty members of the US military were recruited from the Comprehensive Combat & Complex Casualty Care (C5) program at the Naval Medical Center San Diego (NMCSD). Inclusion criteria were traumatic unilateral transtibial amputation, between the ages of 18 and 40 years who were ambulating without an assistive device, medically cleared for high-level functional activities, and able to walk easily for more than 15 minutes. Subjects were excluded if they had traumatic brain injury, vestibular dysfunction, significant traumatic injury of the contralateral limb, pain, or neuromuscular problems. The experimental protocol was approved by the NMCSD, Naval Health Research Center (NHRC), and Mayo Clinic institutional review board as well as the Human Research Protection Office, US Army Medical Research and Materiel Command. Subjects provided written informed consent before participating in the study.
Thirty-seven charts were examined for eligibility ( Fig. 1 ). Twenty-three subjects were excluded. Individuals did not participate because of contralateral limb involvement, time commitment/time conflict (could not or would not dedicate the time as a result of work, school, or therapies), socket-fit issues, residual limb issues such as infections and heterotopic ossification, moving from the area before participation could be completed, or mental health/posttraumatic stress disorder issues. Fourteen male subjects (mean [± SD] age, 26 ± 3 years; body mass index, 23 ± 3 kg/m 2 ) enrolled in this study. The subjects studied had a radiographic residual limb length of 48 ± 8% (range, 29%-58%) of the intact limb measured from the medial joint line to the medial malleolus. Subjects were enrolled a median of 12 months (range, 5-113 months) after amputation and a median of 10 months (range, 2-106 months) after they became able to walk without assistive devices. All subjects were highly functional (Medicare Functional Classification Level K3 or K4). All subjects had custom sockets made by one of two in-house prosthetists. All subjects wore carbon fiber-type feet (Re-Flex Shock TM , Vari-Flex TM , or Re-Flex Rotate TM ; Ö ssur, Reykjavik, Iceland). The high functionality of the participants in the study is reflected by the fact that their Activities-Specific Balance Confidence (ABC) Scale score was 90 ± 9 (95% confidence interval [CI], 86-95) before training and did not change significantly after training (p = 0.86). Three subjects did not finish training: one dropped out as a result of a needed revision of his residual limb, one had mental health issues and could not continue, and one moved out of the area. None of the dropouts were related to the training program. Of the 14 subjects who started the study, 11 completed the training, the initial posttraining assessment, and the 3-month and 6-month assessments.
The trip-specific fall prevention training program used an ActiveStep Treadmill TM (Symbex, Lebanon, NH, USA). This microprocessor-controlled treadmill was designed to deliver bidirectional (forward and backward) postural disturbances ranging from benign to extremely challenging. Three types of perturbations (static perturbation, static walk, and e-trip) were used during each of six 30-minute training sessions that were delivered over a 2-week period. The perturbation intensity, ie, treadmill belt acceleration, was increased each visit according to the subject's ability. The static perturbation was delivered while the patient was standing on the treadmill and the belt was initially stationary. The subject was instructed to avoid falling by using a single forward recovery step after the onset of treadmill belt motion. The static walk was similar to the static perturbation, but after the initial recovery step, the subject continued walking until the treadmill belt motion stopped. These disturbances were more challenging as a result of their larger acceleration and longer treadmill belt displacement. Finally, during the e-trip disturbance, the perturbation was delivered randomly while the subject was walking on the treadmill. This perturbation required a stepping response consisting of multiple forward steps. The progression of the perturbations involved increasing the task difficulty as the patient's ability to avoid falling improved. The subject wore a safety harness, which encompassed the trunk and could support the subject's full weight. The harness was tethered to an instrumented safety system (Interface Inc, Scottsdale, AZ, USA). The tether length was set so that the subject's hands and knees would not contact the treadmill belts in the event of a fall. The tether did not interfere with normal walking.
Assessment of the training program effectiveness was also performed using a Computer-Assisted Rehabilitation Environment (CAREN) extended version (Motek Medical BV, Amsterdam, The Netherlands). This fully immersive virtual environment consists of a six degrees of freedom motion platform (Moog Inc, East Aurora, NY, USA) with a 1.7-m dual belt (side-by-side) instrumented treadmill (Forcelink, BV, Culemborg, The Netherlands) capable of accelerations up to 15 m/sec 2 . The platform is surrounded by a 180°screen. Visual inputs were synchronized with the subject's treadmill walking speed to simulate walking on an endless pastoral path (Fig. 2) . The walking speed for each subject was controlled for leg length by normalizing to a Froude number (FR) of 0.2, where FR = v 2 /gl, v is the walking speed, g is the gravitational constant, and l is the leg length [1] . The speed was based on the overground self-selected walking speed of subjects with amputation previously studied in the NMCSD Motion Analysis Laboratory [44] . In addition, the speed was approximately 2% slower than their self-selected walking speed to increase the likelihood that subjects could maintain a constant speed for the duration of the perturbation trial (approximately 15 minutes) without fatigue. Walking speeds ranged from 1.0 to 1.5 m/sec.
The protocol allowed for a warm-up period of walking for 10 minutes at the normalized walking speed before the perturbation testing to acclimate the subjects with the treadmill environment. After the warm-up period, while subjects walked for 5 to 6 minutes at their normalized velocity [44] , six perturbations (three prosthetic, three nonprosthetic) were delivered in a randomized order. 
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• Other Reasons (n=12): Non-Compliant, Moving / Moved, Revisions, Did Not Return Calls Fig. 1 The diagram shows the recruitment and flow of subjects in the study. During the perturbation testing, motion capture data were recorded from 34 retroreflective markers placed on the subject using a modified Helen Hayes marker set configuration [19] . The marker trajectories were tracked with a 12-camera motion capture system (Motion Analysis Corp, Santa Rosa, CA, USA) operating at 120 Hz. Marker data were filtered using a fourth-order bidirectional recursive Butterworth filter with a cutoff frequency of 9 Hz (Visual3D TM ; C-Motion, Inc, Germantown, MD, USA). A 13-segment rigid body model was created using the marker data.
To reduce changes resulting from the learning effects of the perturbation recovery, the first trial was dropped and only the last two perturbation trials on each limb were analyzed for each visit. The key outcome variables were peak trunk flexion and velocity. These variables have been shown to be determinants of the likelihood of a fall [5, 32] . Trunk flexion angle was defined as the angle of the trunk segment with respect to vertical. Trunk flexion velocity was computed as a derivative of the trunk flexion angle time series. The maximum values were determined during the timeframe from perturbation of the target limb to the moment of foot contact during the recovery step of the perturbed limb. Higher flexion values and velocities are indicative of less trunk flexion control.
Patient-reported outcomes were also collected. Subjects completed the ABC Scale [37] and the Prosthesis Evaluation Questionnaire Addendum (PEQ-A) [12] . The 16-item ABC Scale, a reliable, valid, and responsive instrument for assessing individuals who have a unilateral lower limb amputation [27] , was used to assess the subject's perceived balance confidence. Subjects rated their balance confidence on a scale from 0% (no confidence) to 100% (very confident) that they would not lose their balance when performing specific activities such as reaching overhead, bathing, and climbing stairs [37] . The PEQ-A consists of 14 questions regarding subject confidence, concentration, stumbles, and falls. For the questionnaire, a semicontrolled fall was defined as a loss of balance with awareness that a fall was occurring and resulting in the opportunity to brace for the fall or grasp something to not get hurt and/or land in a protected fashion. An uncontrolled fall was defined as a sudden loss of balance without any time to protect against a fall.
The effectiveness of the rehabilitation program was assessed by collecting data before perturbation training and comparing the key outcome parameters with those measured immediately after perturbation training (zero months) as well as at 3 and 6 months posttraining. Data were assessed for normality using the Anderson-Darling test. A two-factor repeated-measures analysis of variance was used to assess the effectiveness of the training program. The two independent variables were time and side (prosthetic limb, nonprosthetic limb). Statistical analyses were performed using SAS 9.2 software (SAS Institute Inc, Cary, NC, USA). Statistical significance was set at p B 0.05.
Results
The training program resulted in decreases in perturbationinduced peak trunk flexion angle and trunk flexion velocity in both prosthetic and nonprosthetic limbs (Fig. 3) . The prosthetic limb trunk flexion angle improved from pretraining (42°; 95% CI, 38°-47°) to after training (31°; 95% CI, 25°-37°; p\ 0.001). Likewise, the trunk flexion velocity improved from pretraining (187°/sec; 95% CI, 166°-209°) to after training (143°/sec; 95% CI, 119°-167°; p \ 0.004). The results display a significant side-to-side difference for peak trunk flexion angle (p = 0.01) with perturbations of the prosthetic limb resulting in higher peak angles. Prosthetic limb trips also exhibited greater peak trunk flexion velocity compared with trips of the prosthetic limb (p = 0.005).
Before beginning the training program, a standard perturbation was administered without telling the subject which leg to use to avoid falling. A subject was considered to pass the standard perturbation if they recovered without assistance from the harness and considered to have failed if they fell and the harness had to catch them. In this pretest condition, 10 of 11 subjects (91%) failed and six of the 11 subjects (55%) elected to recover on the prosthetic limb. After training, the standard perturbation was administered again. Now all subjects passed the standard perturbation and seven of the 11 subjects (64%) chose to use the prosthetic limb to avoid falling. These results demonstrate a greatly increased ability to avoid a fall after a postural disturbance.
The skills acquired with the perturbation training were retained at 3 and 6 months after training (Fig. 4) . The trunk flexion angle of the subjects when the prosthetic limb was perturbed had a mean of 31°(95% CI, 25°-37°) at 0 month, 32°(95% CI, 28°-37°) at 3 months, and 30°( 95% CI, 25°-34°) at 6 months. Likewise, the trunk flexion velocity for the prosthetic limb was a mean of 143°/sec (95% CI, 118°-167°) at 0 month, 143°/sec (95% CI, 126°-159°) at 3 months, and 132°/sec (95% CI, 115°-149°) at 6 months. The peak trunk flexion angle when the nonprosthetic limb was perturbed had a mean of 22°(95% CI, 18°-24°) at 0 month, a mean of 26°(95% CI, 20°-32°) at 3 months, and a mean of 23°(95% CI, 19°-28°) at 6 months. The peak trunk flexion velocity for the nonprosthetic limb had a mean of 85°/sec (95% CI, 71°-98°) at 0 month, a mean of 96°/sec (95% CI, 68°-124°) at 3 months, and 87°/sec (95% CI, 68°-105°) at 6 months. There were no significant changes in the peak trunk flexion angle (p = 0.16) or peak trunk flexion velocity (p = 0.35) over time after the training ended. The skill retention was present when either the prosthetic or nonprosthetic limb was perturbed. There were side-to-side differences in the trunk flexion angle (p = 0.038) and trunk flexion velocity (p = 0.004). Perturbations of the prosthetic side resulted in larger trunk flexion and higher trunk flexion velocities.
Patient-reported outcomes confirmed the success of the training program. Their responses indicated increased confidence in their ability to recover from the postural perturbations in the community. Sixty percent of the subjects reported that the incidence of stumbles had decreased after the training program. Most of the subjects (80%) indicated that the number of semicontrolled falls had been reduced to zero after training. All subjects reported that the number of uncontrolled falls was zero after training. Reduction of stumbles and falls was maintained over time.
Discussion
US military men and women have been returning from combat with a higher percentage of amputations compared with other recent military conflicts [36] . The primary rehabilitation goal for these individuals has been to provide them with an expedited recovery and reintroduction into the civilian or active-duty population [2] . In the current military and healthcare environments, it is essential to focus on rapid but safe training of functional skills with a goal of early discharge from rehabilitation to active-duty or civilian life. Although the results of this study are promising, there are several limitations that need to be noted. First, a limited number of biomechanical variables were included in this investigation. Variables selected were based on previous studies, which have indicated these are the key outcome parameters to assess fall risk. Second, the current study only reported on patients with transtibial amputations. Further work is underway to investigate if outcomes are similar when patients with transfemoral amputations are trained with the same training method. Third, patients with significant comorbidities were excluded to eliminate confounding variables. It is unknown how these patients will respond to this training program. Fourth, this study was limited to young service members who had all sustained traumatic amputations. The efficacy of this training program for older individuals who had an amputation has not been demonstrated.
After training, the subjects were able to control their trunk to a greater degree. Trunk control is associated with reduced fall risk. The majority (59%) of adult falls are the result of trips and slips [3] . The ability to control balance is a critical condition for minimizing the risk of falls [38] . The skills necessary to recover from the treadmill-induced postural disturbances such as resisting trunk rotation and quickly executing long steps [6, 32, 43] are the same skills required to recover from trips [35] and slips [48] . The focus of the rehabilitation program was to increase the ability of the subjects to respond to large postural perturbations and perform the recovery steps necessary to avoid a fall. The training method used in this study allowed patients with amputations to learn how to perform a complex motor task in a safe environment and maintain gait stability despite the poor somatosensory feedback from their prosthesis and residual limb [9, 16, 20, 22] . This type of training is not addressed in most rehabilitation programs and, to our knowledge, has not previously been used to retrain persons with lower limb amputation. The rate at which these skills are acquired is multifactorial and includes the level of amputation, the patient's motivation, and motor skills.
There was a dramatic difference in the response to a standardized postural disturbance before and after training. The novel methodology used in this training program focused on skill acquisition. The acquisition of motor skill is reinforced by the fact that all subjects, with one exception, fell during the pretest before training began, whereas none of the subjects fell during the posttest. This demonstrates that the success of the training program is not simply the result of time since amputation, but rather acquisition of motor skills. The foundational principle of the program is that of specificity of training [15] , the premise of which is that the extent to which the conditions during which a motor skill is learned/practiced overlap with the conditions for which the learning/practice is intended dictates the degree to which the learned motor skill can be transferred. Practice of the modified motor task results in a new, readily available context-specific motor skill that can ''bring about predetermined results with maximum certainty'' (attributed to Knapp [21] by Ovens and Smith [31] ). The results obtained in this study indicate that task-specific training is an effective rehabilitation method to reduce falls in individuals with unilateral transtibial amputation.
The posttraining improvement in the ability of the subjects to avoid falling was retained for 6 months. Traditionally, rehabilitation has focused on the design and function of the patient's prosthesis rather than on the skills the person needs to acquire to use the prosthesis. Motor skill retention is consistent with the findings of previous studies. A key characteristic of the rehabilitation program was the induced, large perturbation-driven dynamic instability that required performance of a motor skill, ie, the stepping, or recovery response, in a repeatable and consistent manner. Constant training has been shown to result in better skill acquisition [25] and strong retention from day to day [45] . The training was distributed over several days, which has been shown to be the most important factor affecting learning and retention [42] .
This article has introduced a novel and effective rehabilitation method that uses an innovative treadmill training technique. The training is aimed at increasing the ability of patients with lower limb amputations to rely on their prosthesis during challenging perturbations and thus improve their functional capabilities. The results obtained in this study also indicate that task-specific training can be an effective rehabilitation method to reduce falls in individuals with unilateral transtibial amputation.
